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Abstract 

In progressive multifocal leukoencephalopathy, JC virus-infected 
oligodendroglia display 2 distinct patterns of intranuclear viral in- 
clusions: full inclusions in which progeny virions are present 
throughout enlarged nuclei and dot-shaped inclusions in which virions 
are clustered in subnuclear domains termed "promyelocytic leukemia 
nuclear bodies" (PML-NBs). Promyelocytic leukemia nuclear bodies 
may serve a scaffolding role in viral progeny production. We analyzed 
the formation process of intranuclear viral inclusions by morphometry 
and assessed PML-NB alterations in the brains of 2 patients with 
progressive multifocal leukoencephalopathy. By immunohistochem- 
istry, proliferating cell nuclear antigen was most frequently detected in 
smaller nuclei; cyclin A was detected in larger nuclei. This suggests an 
S-to-G2 cell cycle transition in infected cells associated with nuclear 
enlargement. Sizes of PML-NBs were variable, but they were usually 
either small speckles 200 to 400 nm in diameter or distinct spherical 
shells with a diameter of 1 fxm or more. By confocal microscopy, JC 
virus capsid proteins were associated with both small and large PML- 
NBs, but disruption of large PML-NBs was observed by ground-state 
depletion fluorescence nanoscopy. Clusters of progeny virions were 
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also detected by electron microscopy. Our data suggest that, in pro- 
gressive multifocal leukoencephalopathy, JC virus produces progeny 
virions in enlarging oligodendrocyte nuclei in association with growing 
PML-NBs and with cell cycle transition through an S-to-G2-like state. 

Key Words: Cell cycle. Cell stress. Intranuclear viral inclusions, JC 
virus, PML-NBs, Progressive multifocal leukoencephalopathy. 



INTRODUCTION 

Progressive multifocal leukoencephalopathy is a fatal 
demyelinating disorder caused by opportunistic infection with 
a small DNA virus, human polyomavims JC (also known 
as and hereafter referred to as JC virus) (1). Central nervous 
system oligodendrocytes are a major target of JC virus in- 
fection, and infected cells harbor progeny virions in markedly 
enlarged nuclei. In routine hematoxylin and eosin (H&E)- 
stained sections, intranuclear viral inclusions are characterized 
as amphiphilic materials dispersed throughout the nucleo- 
plasm (full inclusions). Recently, however, immunohisto- 
chemistry has revealed the presence of dot-shaped intranuclear 
inclusions, which reflect JC vims progeny virions clustered 
at distinct subnuclear domains called "promyelocytic leuke- 
mia nuclear bodies" (PML-NBs) (note that "PML" herein 
refers only to promyelocytic leukemia and not to progressive 
multifocal leukoencephalopathy) (2^). Production of viral 
progeny frequently occurs in specific intracellular compart- 
ments (5, 6). Promyelocytic leukemia nuclear bodies support 
JC vims proliferation, likely providing scaffolding for capsid 
assembly linked to viral genomic DNA replication. 

Promyelocytic leukemia nuclear bodies are ubiqui- 
tously present in eukaryotic nuclei and regulate a variety of 
nuclear fiinctions (7-11). Each nucleus usually contains 1 to 
30 PML-NBs with diameters of 0.2 to 1 (xm, but the numbers 
and sizes of PML-NBs change dynamically during the cell 
cycle. In GO phase, the fewest PML-NBs are observed, and 
the numbers increase by a fission mechanism in early S phase. 
Thus, there are approximately twice as many PML-NBs in G2 
as in Gl (12). Giant PML-NBs may appear under specific 
disease conditions, and they are shaped as spherical shells 
more than 1 (xm in diameter in G2 phase (13). Promyelocytic 
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leukemia nuclear bodies partition during mitosis and are re- 
established in Gl phase (14, 15). 

Many DNA viruses, including JC virus, preferentially 
interact with PML-NBs during viral proliferation (16-19). 
We previously demonstrated that JC virus major capsid pro- 
tein VPl and minor capsid proteins VP2 and VPS coopera- 
tively transport to the nucleus and accumulate at PML-NBs, 
where they are assembled into capsids in vitro (20-22). Intra- 
nuclear PML-NB targeting is a process that is distinct from 
nuclear transport, however, because PML-NB accumula- 
tion of JC virus capsid proteins was abolished by deleting 
the putative DNA-binding domain encoded on the common 
C-terminal sequence of VP2/VP3 (22). (The VPS sequence 
is identical to two thirds of the C-terminal VP2 sequence; 
thus, it is termed "VP2A^P3.") The capsid protein DNA- 
binding domain likely plays a role in PML-NB targeting be- 
cause the viral DNA replication foci of polyomaviruses are 
linked to PML-NBs (23). In glial cells of human brain tissues, 
we previously identified large PML-NBs, which were shaped 
as spherical shell structures more than 1 (xm in diameter with 
a shell thickness of 300 to 400 nm (4). Thus, it has been 
suggested that both viral DNA replication and viral capsid 
formation actively occur at these PML-NBs in the human brains. 
The large PML-NBs may represent an anti-stress response 
associated with cell cycle activation, but it is not certain how the 
infecting viruses interfere with cell cycling of host cells. 

In brain tissues from patients with progressive multifocal 
leukoencephalopathy, JC virus-infected oligodendrocytes ex- 
press cell cycle regulators, including Ki-67, proliferating cell 
nuclear antigen (PCNA), cyclin A, and cyclin Bl (24, 25). 
Expression of cell cycle regulators in vitro was also analyzed in 
studies in which JC virus was inoculated on primary human 
fetal astrocytes and cellular total RNA was examined by an 
oligonucleotide-based microarray (26). Interestingly, RNA 
levels of cell cycle regulators varied in a time-dependent manner 
during the period of virus culture. Levels of cyclin El — the cell 
cycle regulator in Gl/S phase — increased in the early phase 
of virus culture (i.e. Day 5) but decreased in the late phase 
(Day 15). In contrast, levels of cyclin Bl — the cell cycle regu- 
lator in G2/M phase — were low on Day 5 but increased on 
Day 1 5. Thus, virus-infected cells likely proceed in the cell cycle 
through Gl/S to G2/M phases during virus culture. Comparable 
temporal changes in glial cells of human brains have not been 
investigated in detail. 

In this study, we investigated the expression of the 
cell cycle regulators Ki-67, PCNA, cyclin A, and cyclin Bl 
and of JC virus capsid proteins and oligodendrocyte lineage 
transcription factor 2 (0LIG2) in human brain tissues from 
patients with progressive multifocal leukoencephalopathy. 
Mildly demyelinated lesions in the brains enabled us to study 
early cellular changes caused by JC virus infection. The as- 
sociation of cell cycle regulators with progression of JC virus 
infection, such as nuclear size, was quantified morphometri- 
cally, and morphologic variations in PML-NBs were also 
examined. Accumulation of JC virus capsid proteins in PML- 
NBs was investigated by confocal microscopy and by recently 
developed fluorescence nanoscopy with ground-state deple- 
tion (GSD). Finally, progeny virion formation was observed 
by electron microscopy. 

© 2014 American Association of Neuropathologists, Inc. 



MATERIALS AND METHODS 

Patients 

Two autopsy cases of patients with progressive multi- 
focal leukoencephalopathy were examined. The first case 
(Case 1) was a 77-year-old woman whose initial manifesta- 
tions were gait abnormalities and speech disturbance. Hemi- 
paresis developed and progressed to the point that she was 
unable to walk. Computed tomography examination of the 
brain disclosed hypodense lesions in the subcortical white 
matter of the left frontal lobe and the internal capsule. The 
lesions then extended to the right hemisphere and the brainstem. 
Neurologic manifestations progressed for 4 months, and she 
was in a vegetative state when she died. Autopsy revealed 
cystic lesions in the subcortical white matter of the left hemi- 
sphere and multiple degenerative lesions involving the brain- 
stem, cerebellum, and spinal cord. JC virus was detected both 
by immunohistochemistry and by electron microscopy, re- 
sulting in the diagnosis of progressive multifocal leukoen- 
cephalopathy. The cause of immunosuppression associated 
with viral reactivation was not determined. 

Case 2 was a 70-year-old woman who had mixed con- 
nective tissue disease, which included Sjogren syndrome, 
interstitial pneumonitis, Hashimoto thyroiditis, and systemic 
lupus erythematosus-like manifestations. She had been treated 
with corticosteroids for 3 years before the neurologic disease 
developed. JC virus DNA was detected from the cerebrospi- 
nal fluid by polymerase chain reaction, suggesting the diag- 
nosis of progressive multifocal leukoencephalopathy. She 
died of pneumonia 6 months after the development of neu- 
rologic manifestations. At autopsy, demyelinating lesions were 
identified in the subcortical white matter of the bilateral hemi- 
spheres, corpus callosum, lefl; internal capsule, cerebellum, 
midbrain, and pons. JC virus was detected both by immuno- 
histochemistry and by electron microscopy. 

Autopsy of Brains 

The autopsied whole brains were first fixed with 10% 
buffered formalin. The brain transverse sections were care- 
fiilly examined macroscopically, and mildly to moderately 
affected areas were selected for histopathologic examina- 
tion. Tissue blocks were processed and embedded in paraffin, 
sectioned (3-6 (xm thickness), and mounted onto glass slides. 
The sections were then deparaffinized in xylene, rehydrated 
in graded alcohols, and stained with H&E, Kliiver-Barrera, 
and Luxol fast blue/Bodian stains. 

Immunohistochemistry 

For immunostaining, endogenous peroxidase activity 
in mounted rehydrated tissue sections was blocked with a 
0.3% H202-methanol solution for 30 minutes at room tem- 
perature. For antigen retrieval, the sections were autoclaved 
in buffered citrate at 120°C for 10 minutes and incubated with 
primary antibodies at 4°C for approximately 12 hours. Im- 
munohistochemistry was performed using the EnVision de- 
tection system (DakoCytomation, Glostrup, Denmark). After 
being thoroughly washed, the sections were incubated with 
a peroxidase-conjugated EnVision polymer and anti-rabbit 
or anti-mouse secondary antibodies (DakoCytomation) for 
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FIGURE 2. Expression of cell cycle regulators in nuclei of various sizes in oligodendrocytes of patients with progressive multifocal 
leukoencephalopathy. (A) Hematoxylin and eosin stain of an oligodendroglia-like cell with full viral inclusion. (B) Cell cycle acti- 
vation, indicated by Ki-67 immunoreactivity, was detected in 22% of cells with both small and large nuclei. (C) Immunoreactivity 
to PCNA, an essential component of S phase, was detected in 68% of cells. (D) Immunoreactivity to cyclin A, which is involved in 
both S phase and G2 phase, was detected in approximately 1 0% of cells. (E) Cytoplasmic expression of cyclin B1 was detected in a 
few cells, but nuclear expression was not observed. (F) Immunoreactivity to PHH3 was not detected in the nuclei. (G) Immuno- 
reactivity to OLIG2 was detected only in the small nuclei in 1 1% of cells. (H) Approximately 25% of cells were immunoreactive to 
the JC virus capsid protein VP1 . 



30 minutes at room temperature. After thorough washes, 
peroxidase activity was visuahzed with 3,3'-diaminobenzidine 
tetrahy drochloride (DakoCytomation) . 

Rabbit polyclonal antibody against the potential BC loop 
structure of VPl (anti-VPlBC) has been described (21). Rabbit 
polyclonal antibody against VP2/VP3 was prepared against 
the conserved C-terminal sequence RXEGPRASSKTSYKR, 
as previously described (2, 22). Antibodies to the following 
proteins were purchased: Ki-67 (MIB-1; DakoCytomation), 
PCNA (Novocastra, Newcastle Upon Tyne, United Kingdom), 
cyclin A (Santa Cruz Biotechnology Inc, Santa Cruz, CA), cy- 
clin Bl (Novocastra), phosphohistone H3 (PHH3; Upstate 
Biotechnology, Lake Placid, NY), 0LIG2 (IBL, Takasaki, 
Japan), and PML protein (MBL, Nagoya, Japan). 

Morphometric Analysis of Immunoreactive 
Oligodendroglia-Like Cells 

Photomicrographs of immunostained sections were 
taken for each protein of interest and morphometrically an- 



alyzed using MetaMorph Microscopy Automation and Image 
Analysis software (Molecular Devices, Sunnyvale, CA). For 
cells immunoreactive to JC virus VPl, 0LIG2, PCNA, cyclin 
A, and Ki-67, images were obtained sequentially for 25 dif- 
ferent areas using a digital camera (Dl; Nikon, Tokyo, Japan) 
connected to a microscope with a 20x objective lens (BX-50; 
Olympus, Tokyo, Japan). Reactive or nonreactive signals in 
the micrographs were binarized and converted into black-and- 
white images. Only oligodendroglia-like nuclei were selected 
for cross-sectional nuclear area measurements using the image 
morphometric analysis function of the MetaMorph software. 
The data were transferred to a Microsoft Excel spreadsheet 
from which histograms were obtained. 

To measure the nuclear area of cells containing punc- 
tate signals for either the PML protein or JC virus VP2/VP3, 
we obtained images using a digital camera (DP25; Olympus) 
connected to a microscope with a 40x objective lens (Axio Im- 
ager Al ; Carl Zeiss, Jena, Germany). Because cells with punctate 
immunoreactivity could not be binarized, cross-sectional nuclear 



FIGURE 1. Histopathology of progressive multifocal leukoencephalopathy. Low-power fields with H&E stain (A) and Kluver-Barrera 
stain (B) of affected brains. Mild to moderate lesions were widely distributed; there was myelin pallor in the white matter. Low 
magnification (C) and high magnification (D) of H&E-stained white matter show numerous oligodendroglia-like cells with en- 
larged nuclei. Many cells contain dot-shaped inclusions (arrows in D). Luxol fast blue/Bodian stain of unaffected cortex (E), lesions 
with myelin pallor (F), and lesions with distinct demyelination (G). (E) Normal oligodendroglia have small compact nuclei. (F) 
Scattered oligodendroglia-like cells have mildly enlarged nuclei. (C) Many oligodendroglia-like cells have markedly enlarged nuclei. 
Scale bars = (A, B) 2 mm; (C) 50 fxm; (D-G) 20 fxm. 
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areas were measured manually for each cell by tracing the nuclear 
membrane. Nuclear areas were then calculated within the se- 
lected regions using the CellSens Standard DP25 controller 
software (Olympus). 

Demyelinated lesions were more randomly scattered 
in the brain of Case 2, which made it difficult to collect a 
sufficient number of affected oligodendroglia-like cells. Thus, 
quantitative data were obtained mainly from Case 1; results 
were later confirmed in Case 2 in a limited number of cells. 

Immunofluorescence 

For immunofluorescence analysis, deparaffinized and 
rehydrated tissue sections were blocked with PBS containing 
5% normal goat serum at room temperature for 30 minutes. 
Then, the tissues were incubated with anti-VP2A^P3 at 4°C 
for approximately 12 hours, washed, and fiirther incubated 
with Alexa Fluor 488-conjugated secondary antibody (Mo- 
lecular Probes/Invitrogen, Carlsbad, CA). For double stain- 
ing, the tissues were also incubated with anti-PML antibody 
followed by Alexa Fluor 568-conjugated secondary antibody 
(Molecular Probes/Invitrogen). After 3 washes in PBS, samples 
were mounted in VectaShield (Vector Laboratories, Burlingame, 
CA). Fluorescent images were captured using a TCS-SP 
confocal laser microscope (Leica, Heidelberg, Germany). The 
prepared slides were also analyzed using a fluorescence 
nanoscope with GSD in superresolution (SR GSD; Leica, 
Weitzlar, Germany) (27). 

Electron Microscopy 

Small pieces of the formalin-fixed brain tissues were 
selected from mildly affected areas. The tissues were washed 
with PBS 3 times and then prepared for conventional electron 
microscopy analysis. First, the tissues were fixed with 2.5% 
glutaraldehyde and 1.0% paraformaldehyde in 0.1 mol/L 
phosphate buffer (pH 7.3) and postfixed in 1.0% osmium te- 
troxide. Then, the samples were dehydrated through a graded 
ethanol series (50%, 70%, 80%, 90%, 95%, and 100%; 3 times 
each) then embedded in epoxy resin. Ultrathin sections were 
prepared, stained with uranyl acetate and lead citrate, and ex- 
amined with a JEOL 1200 EX-II electron microscope (JEOL, 
Tokyo, Japan). 

RESULTS 

Nuclear Enlargement of Oligodendroglia-LIke 
Cells Is Associated With Demyelination 

Postmortem brain tissue from Case 1 contained rela- 
tively mild lesions that seemed to be free from the effects of 
other diseases and treatment. There was mild myelin pallor in 
the cerebral hemispheres, and there was more distinct demy- 
elination in the deep white matter (Figs. lA, B). There were 
large numbers of oligodendroglia-like cells with variable nu- 
clear sizes in the white matter lesions. Most of these cells 



showed clear nucleoplasm with chromatin marginated to the 
rims of the nuclear membranes (Figs. IC, D). Many of these 
nuclei also appeared to contain dot-shaped viral inclusions that 
were frequently observed at the inner peripheral areas of the 
nuclei close to the nuclear membranes (Fig. ID). The propor- 
tion of nuclei containing frill viral inclusions was markedly 
small, as determined by H&E staining (Fig. 2A), but more glial 
cells were confrrmed to be immunoreactive to the JC virus 
capsid proteins VPl and VP2A^P3 (Figs. 2, 5). 

We next compared the nuclear sizes of oligodendroglia- 
like cells and degrees of demyelination in sections stained 
with Luxol fast blue/Bodian. In the unaffected cerebral cortex, 
oligodendroglia showed normal-sized nuclei with rare nuclear 
enlargement (Fig. IE). In the white matter with myelin pallor, 
oligodendroglia-like cells had more variable nuclear sizes 
(Fig. IF). In the deep white matter with distinct demyelination, 
even more oligodendroglia-like cells had marked nuclear en- 
largement (Fig. IG). Thus, nuclear enlargement was likely 
associated with advancement of demyelination. Similar cyto- 
pathologic alterations were found in tissues from Case 2, al- 
though demyelinated lesions were more randomly scattered in 
the white matter. 

Expression of Cell Cycle Regulators in Nuclei 
of Various Sizes 

Expression of cell cycle regulators was next examined 
with immunohistochemistry. Oligodendroglia-like cells were 
frrst investigated for immunoreactivity to glial frbrillary acidic 
protein (GFAP) and were found to be GFAP-negative (data 
not shown). The cells displayed round or oval-shaped nuclei, 
which are characteristic of oligodendrocytes (Fig. 2A). There 
were a small number of GFAP-positive astroglia, which showed 
JC virus inclusions in their enlarged nuclei (data not shown). 
The nuclei of infected astroglia, however, were more irregu- 
larly shaped and much larger than oligodendroglia-like cells. 
Thus, in the next analysis, only cells with oligodendroglia- 
like round or oval nuclei were selected, and those of distinct 
astroglia or other cells (such as macrophages) were excluded. 

The cell cycle stages were examined by assessing the 
expression of the cell cycle regulators Ki-67, PCNA, cyclin A, 
cyclin Bl, and PHH3. Ki-67 expression indicates cell cycle 
activation besides the resting state GO. Among 2,808 cells 
with oligodendroglia-like nuclei, Ki-67 immunoreactivity 
was detected in 605 cells (22%), but it was absent in normal 
oligodendroglia with small nuclei (Fig. 2B). Proliferating cell 
nuclear antigen (PCNA), an essential component of DNA rep- 
lication during S phase, was detected in the nuclei of 1,913 
(68%) of 2,810 cells (Fig. 2C). Cyclin A, which is involved in 
both S phase and G2 phase, must be degraded upon entry into 
mitosis (28, 29). Cyclin A was detected in the nuclei of 290 
(10%) of 2,800 cells (Fig. 2D). To identify the cells entering 
mitosis, we also examined immunoreactivity to cyclin Bl 
and PHH3. Cyclin B 1 initially localizes to the cytoplasm but 



FIGURE 3. Cell cycle transition through an S-to-G2-like state with nuclear enlargement. Distribution of cells immunoreactive to JC 
virus VPl (A), OLIG2 (B), PCNA (C), cyclin A (D), and Ki-67 (E), in relation to cross-sectional nuclear area. In cells immunoreactive 
to JC virus VPl, 2 populations were operationally designated as Peak 1 (20-30 fxm^) and Peak 2 (60-100 fxm^). Cells immunore- 
active to OLIG2 (B) and PCNA (C) showed the highest relative frequency in nuclei ranging from 20 to 30 fxm^. In contrast, cells 
immunoreactive to cyclin A (D) and Ki-67 (E) showed the highest relative frequency in nuclei ranging from 60 to 70 fxm^. 

© 2014 American Association of Neuropathologists, Inc. 447 
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FIGURE 4. Small and large PML-NBs in an enlarged oligoden- 
droglial nucleus. Immunohistochemistry for the PML protein 
demonstrates 2 types of PML-NBs: small (-200-300 nm in 
diameter) and large (>1 iJim in diameter). Ringlike structures 
with pale central cores are apparent in 2-dimensional sections 
(lOOx objective lens with oil immersion). 

accumulates in the nucleus in late G2 phase, which is a 
prerequisite for mitotic initiation in mammalian cells (30). 
In oligodendroglia-like cells, cyclin Bl was observed only 
in the cytoplasm and/or in the perinuclear rim of a small 
number of enlarged nuclei, and nuclear expression was not 
detected (Fig. 2E). Nuclear immunoreactivity of PHH3, a 
marker of the mitotic state, was also not detected (Fig. 2F). 

To further characterize oligodendroglia-like cells, we 
examined the expression of 0LIG2. Oligodendrocyte lineage 
transcription factor 2 (0LIG2) is a basic helix-loop-helix 
transcription factor that regulates the differentiation of oligo- 
dendrogha with enhanced myelin production (31, 32). Among 
the 2,810 cells examined, 0LIG2 immunoreactivity was detected 
in 311 mostly normal-appearing oHgodendroglia with small 
nuclei (1 1%) but was not detected in those with enlarged nuclei 
(Fig. 2G). The JC virus major capsid protein VPl was detected in 
704 (25%) of 2,808 cells (Fig. 2H). Importantly, VPl immuno- 
reactivity was detected in cells with smaller nuclei and in those 
with markedly enlarged nuclei. 

Cell Cycle Transition Through an S-to-G2-Like 
State With Nuclear Enlargement 

Because nuclear enlargement of oligodendroglia seemed to 
be associated with advancement of demyelination (Figs. lE-G), 
we examined the relationships between nuclear size and ex- 
pression of JC virus VPl or cell cycle regulators. Nuclear size 
was estimated from cross-sectional nuclear areas of each im- 
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munoreactive cell; the results are presented as histograms with 
cross-sectional areas in the abscissa and its relative frequency in 
the ordinate (Fig. 3). 

JC virus VPl immunoreactivity was detected in cells 
with a wide range of nuclear sizes, but quantification of nu- 
clear areas indicated that there were roughly 2 populations, 
which we operationally designated as Peak 1 and Peak 2. Peak 

1 contained cells with nuclei ranging from 20 to 30 (xm^, and 
Peak 2 contained cells with nuclei ranging from 60 to 1 00 fxm^ 
(Fig.3A). 

The cells in Peak 1 tended to be immunoreactive to 
0LIG2 and PCNA. Expression of 0LIG2 was almost en- 
tirely restricted to cells with small nuclei, with more than 
40% of OLIG2-immunoreactive cells having nuclei ranging 
from 20 to 30 (xm^ (Fig. 3B). In contrast, the cells immuno- 
reactive to PCNA showed more variable nuclear sizes. Al- 
though 20% of PCNA-immunoreactive cells were included 
in Peak 1, PCNA was also detected in cells with nuclei as 
large as 200 |xm^ (Fig. 3C). 

The cells in Peak 2, in contrast, were more closely re- 
lated to the expression of cyclin A and Ki-67. For both cyclin 
A and Ki-67, approximately 15%) of immunoreactive cells had 
nuclei ranging from 60 to 70 fxm^; however, in both cases, 
immunoreactivity was also detected in cells with nuclei larger 
than 150 \Lm^ (Figs. 3D, E). 

Taken together, the results presented in Figures 2 and 
3 indicate that the cell cycle likely proceeds in association 
with nuclear enlargement. Soon after initiation of nuclear 
enlargement, oligodendroglia may diminish myelin produc- 
tion activities by reducing 0LIG2 expression and may instead 
proceed through the cell cycle through an S-to-G2-like state 
with expression of PCNA and cyclin A, respectively. Entry 
into late G2 state and M state was not apparent based on the 
absence of the nuclear expression of cyclin Bl and PHH3. The 
presence of 2 nuclear size peaks in the expression of the JC 
virus capsid protein VPl may indicate 2 regulatory phases for 
viral progeny production relating to S state and G2-like state. 

Small and Large PML-NBs in Enlarging Nuclei 
of Oligodendrocytes 

In oligodendroglia-like cells of JC virus-infected hu- 
man brain tissues, PML-NBs were detected as punctate 
structures of various sizes but frequently appeared as 1 of 

2 types of immunoreactivity to the PML protein, an essential 
component of PML-NBs. There were granular regions 200 
to 400 nm in diameter (small PML-NBs) or large circular 
structures with diameters of 1 \xm or more (large PML-NBs). 
Both types of PML-NBs exhibited ring-shaped structures in 
2-dimensional sections, with a pale central core that was more 
apparent in large PML-NBs (Fig. 4). 

We next examined the possible relationships of mor- 
phologic variations in PML-NBs with nuclear sizes. Coexis- 
tence of small and large PML-NBs was observed in cells with 
a wide range of nuclear sizes (Figs. 4, 5B-D), but small PML- 
NBs were more frequently observed in the smaller nuclei and 
large PML-NBs were more frequently observed in the larger 
nuclei. Nuclei smaller than 50 \xm^ contained only small 
PML-NBs (Fig. 5A), whereas nuclei larger than 200 (xm^ 
contained only large PML-NBs (Fig. 5E). For quantification, 
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the sizes of PML-NBs were categorized into diameters less 
than 1 (jLm and diameters of 1 (xm or more, and nuclear areas 
containing PML-NBs were measured. The mean + SD nuclear 
area of nuclei containing PML-NBs less than 1 fxm in diam- 
eter was 51.0 + 30.4 (xm^ (n = 43); most PML-NBs were as 
small as 200 to 400 nm in diameter (small PML-NBs). In 
contrast, the mean + SD nuclear area of nuclei containing 
PML-NBs with diameters of 1 (xm or more (large PML-NBs) 
was 136.7 + 75.8 ixm^ (n = 21). Nuclei containing PML-NBs 
both less than 1 (xm (small PML-NBs) and 1 (xm or more 
(large PML-NBs) were measured twice for each group. 

Intranuclear viral inclusions also showed morphologic 
variability, which we examined in relation to nuclear size. 
Viral inclusions were visualized with an antibody that recog- 
nizes the common C-terminal sequence of the minor capsid 



proteins VP2 and VP3. This antibody allowed better discrimi- 
nation of inclusions than the VPl antibody (2, 22). In nuclei 
usually smaller than 50 fxm^, only faint diffuse VP2/VP3 
immunoreactivity was observed (Fig. 5F). In nuclei approxi- 
mately 50 to 90 |xm^, there were granular VP2A^P3 signals 
resembling small PML-NBs (Figs. 5G, H). Distinct dot-shaped 
inclusions (>1 |xm in diameter) appeared in nuclei larger than 
60 |xm^; their VP2/VP3 signals resembled those of large 
PML-NBs (Figs. 5G, H). In the obviously enlarged nuclei 
larger than 100 |xm^, the viral capsid proteins were detected 
throughout the nuclei, with occasional nuclei containing large 
fused dot-shaped signals (Figs. 51, J). The mean + SD nuclear 
area of the 34 oligodendroglia-like cells with clear JC virus 
dot-shaped inclusions (>1 |xm in diameter) was 91.8 + 25.5 |xm^ 
(Fig. 5K). Importantly, this size range corresponded to Peak 2 
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FIGURE 5. Morphologic variations in PML-NBs and JC virus nuclear inclusions. (A-E) Immunohistochemistry for the PML protein. 
Coexistence of small and large PML-NBs is frequently observed in cells with a wide range of nuclear sizes; large PML-NBs are more 
frequently observed in larger nuclei and small PML-NBs are more numerous in smaller nuclei. The numbers in each panel indicate 
the cross-sectional areas (in square micrometers) of the individual nuclei. (F-J) Immunohistochemistry for the JC virus capsid 
proteins VP2/VP3. JC virus capsid protein is detected in small nuclei (F), but signal intensity is relatively weak. Dot-shaped viral 
inclusions are present in the nuclei in (G) to (J). As nuclear areas increase, there is more diffuse JC virus capsid protein signal 
intensity, making the dot-shaped signals less apparent. (K) Schematic representation of the observed relationships among nuclear 
area, PCNA and cyclin A expression, PML-NB size, and dot-shaped JC virus nuclear inclusions. 
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in Figure 3 (60-100 fxm ) and also to the nuclear size range in 
which large PML-NBs begin to appear (136.7 + 75.8 [xw?). 

JC Virus Disrupts Scaffolding of Large PML-NBs 
During Full Inclusion Formation 

We next analyzed the relationship between the de- 
velopment of intranuclear viral inclusions and PML-NBs 
(Fig. 6). Brain tissues double-stained for JC virus VP2/VP3 
and PML protein were analyzed by confocal microscopy. 
Consistent with the data presented in Figure 4, the PML protein 
was detected as both small and large ringlike structures in 
2-dimensional sections and as spherical shells in 3 dimensions. 
In smaller nuclei, small PML-NBs that colocalized with faint 
capsid protein signals were observed (Fig. 6A, arrow 1). In 
larger nuclei, large PML-NBs developed preferentially at 
the inner nuclear periphery; dot-shaped viral inclusions were 
clearly detected in association with large PML-NBs (Fig. 6B, 
arrow 2). There were also cells that contained full viral in- 



clusions in the enlarged nuclei. In these cells, strong signals 
for JC virus capsid proteins were diffusely detected through- 
out the nucleus, but immunoreactivity to the PML protein 
was too weak to be visualized (3 cells indicated by arrow 3 in 
Figs. 6A, B). 

The viral inclusions were examined in more detail with 
the use of a fluorescence nanoscope with GSD (27) (Fig. 7). 
In 1 nucleus, 2 dot-shaped viral inclusions were observed 
(arrows 1 and 2 in Fig. 7). Both were associated with large 
ringlike immunoreactivity to the PML protein, but the PML- 
NBs appeared to be in different stages. In one, a distinct ring- 
like structure, approximately 2 fxm in diameter, was apparent 
(arrow 1); in the other, a faint ringlike structure was focally 
disrupted, and PML protein immunoreactivity seemed to be 
disappearing (arrow 2). Thus, the data presented in Figures 6 
and 7 indicate that PML-NBs provide a scaffold for JC virus 
progeny production and that these structures are disrupted in 
the process of full viral inclusion formation. 
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FIGURE 6. Association of viral inclusions with PML-NBs. (A, B) Distribution of the JC virus capsid proteins VP2/VP3 (green) and the 
PML protein (red) in nuclei. In smaller nuclei, granular PML-NB-like structures are weakly immunoreactive to JC virus capsid proteins 
(A, arrow 1). As nuclei enlarge, dot-shaped viral inclusions are detected in association with large PML-NBs (B, arrow 2). In large nuclei 
with full viral inclusions, PML-NBs are disrupted or disappear (A, B, 3 cells with arrow 3). 
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FIGURE 7. Disruption of PIVIL-NBs in the process of full inclusion formation. Distributions of the JC virus capsid proteins VP2/VP3 
(green) and the PML protein (red) were analyzed with a superresolution GSD nanoscope. Two large PML-NBs associated with dot- 
shaped viral inclusions were observed in enlarged nuclei: one displayed a distinct ringlike structure more than 2 fxm in diameter 
(arrow 1), whereas the other showed a disrupting PML-NB structure with decreased intensity of the PML protein (arrow 2). 



JC Virus Progenies Form Clusters of Various 
Sizes in the Nuclei 

The brain tissues from Cases 1 and 2 were examined 
by electron microscopy. In both cases, progeny virions were 
observed to form electron-dense clusters ranging from ap- 
proximately 200 nm to more than 1 (xm in diameter, corre- 
sponding to the size of small and large PML-NBs detected 
by confocal microscopy and GSD fluorescence nanoscopy 
(Figs. 8 A, B). The larger clusters tended to be observed at the 
inner periphery of the nucleus. Clustered progeny virions with 
round structures were apparent at high magnification (Fig. 8C). 
These results consistently indicate that viral progeny produc- 
tion initiates in small PML-NBs and continues as PML-NBs 
grow into large spherical shells. 

DISCUSSION 

We have demonstrated that JC virus produces progeny 
virions in association with PML-NBs. Intranuclear viral in- 
clusions likely develop with cell cycle progression through 
an S-to-G2-like state, whereas PML-NBs grow larger in en- 
larging nuclei. These gradual changes have been difficult to 
investigate in most autopsy cases because oligodendrocytes 
have already developed full viral inclusions in areas of distinct 
demyelination or because infected cells are severely damaged 
in burnt-out lesions. Fortunately, however, in the autopsy 
cases of the present study, pathologic analysis of the brains 
demonstrated relatively mild demyelinated lesions. A large 
number of glial cells with dot-shaped JC virus inclusions were 
detected, and the early stages of viral inclusion formation 
could be analyzed (Fig. 1). 

Our results indicate that, in oligodendroglia in the brains 
of patients with progressive multifocal leukoencephalopathy, 
the cell cycle is activated and proceeds through an S-to-G2-like 
state in association with nuclear enlargement (Figs. 2, 3). Al- 
though temporal changes could not be directly observed in 
these formalin-fixed tissues, our results are consistent with 



previous in vitro findings suggesting that DNA viruses acti- 
vate the cell cycle of resting host cells and promote entry into 
S phase early during infection. For example, simian virus 
40 large T antigen promoted entry into S phase (33), and cells 
infected with mouse polyomavirus or simian virus 40 accu- 
mulated in S and G2/M phases (34). More recently, JC virus 
was shown to proliferate progeny in G2-arrested host cells (35). 
The present study consistently demonstrates virus infection- 
associated cell cycle modulation in human brain tissues and 
is the first to show an association between virus-induced cell 
cycle changes and nuclear enlargement. 

Importantly, this study also describes morphologic vari- 
ations in PML-NBs in relation to nuclear size. Sizes of PML- 
NBs are variable, but they were frequently detected as small 
(200-400 nm in diameter) or large (>1 fxm) spherical shells 
(Fig. 4). Large PML-NBs more than 1 fxm in diameter were 
detected in vitro in BK virus-infected rat primary kidney tu- 
bule epithelial cells (36) and in polyomavirus-infected cells 
(37). JC virus-infected oligodendroglia-like cells also consis- 
tently showed markedly enlarged PML-NBs in the human 
brain tissues that seemed to grow in association with the cell 
cycle transition through an S-to-G2-like state (Fig. 5). Mark- 
edly enlarged, spherically shaped PML-NBs also appear in 
G2 phase in lymphocytes of patients with immunodeficiency, 
centromeric instability, and facial anomalies syndrome, and 
large PML-NBs were found to be organized, with protein 
layers surrounding a core of satellite DNA (38). Enlargement 
of PML-NBs is likely an anti-stress response, but it is unclear 
why the cells in the brains of patients with progressive multi- 
focal leukoencephalopathy undergo cell death rather than pro- 
ceeding to mitosis. 

JC virus capsid proteins and virion clusters were asso- 
ciated with PML-NBs of different sizes (Figs. 5-7), suggest- 
ing a continuous scaffolding role for PML-NBs in JC virus 
progeny production. Promyelocytic leukemia nuclear bodies 
are known to perform multiple roles that vary when cells are 
infected with different viruses. For example, in neuronal cells 
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FIGURE 8. Clusters of JC virus progeny virions observed by 
electron microscopy. JC virus progeny virions were detected 
as clusters ranging from approximately 200 nm to more than 
1 fxm. The size of viral clusters correlated with the size of 
PML-NBs, suggesting that viral progeny production occurs 
in association with growing PML-NBs. Scale bars = (A) 1 iJim; 
(B) 250 nm; (C) 50 nm. 
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infected with herpes viruses, such as herpes simplex virus type 
1 and varicella zoster virus, the viral genomic DNA or the nu- 
cleocapsids were detected inside large PML-NBs, suggesting 
that PML-NBs are involved in herpes simplex virus type 1 viral 
latency control (39) or serve as an intrinsic antiviral host de- 
fense response against varicella zoster virus infection (40). In 
contrast, JC virus lytic infection indicated structural roles for 
PML-NBs in providing scaffolding for viral progeny produc- 
tion, but depletion of the pml gene from host cells in in vitro 
experiments did not dramatically affect the replication of JC 
virus, BK virus, or polyomavirus; therefore, PML-NBs would 
not be essential for viral replication (36, 37, 41). If that is the 
case, a question arises: "What is the role of PML-NBs in JC 
virus infection?" Although it is unclear whether PML-NBs 
play proviral or antiviral roles, we think that PML-NBs are 
related more to antiviral defense and subsequent cell death 
mechanisms than to scaffolding for viral progeny production. 

In JC virus-infected oligodendroglia-like cells, PML- 
NB structures appeared to be disrupted once sufficient viral 
progeny had been produced (Figs. 6-8). Disruption of PML- 
NBs is partly related to the function of a small viral regulatory 
protein called "agnoprotein." Our previous experiments in vitro 
indicated that the agnoprotein enhances efficient progeny 
production in PML-NBs and subsequent cell death. With 
depletion of the agnogene, ectopic capsid assembly outside 
the PML-NBs occurred, and host cell degradation seemed 
to be minimized (4). Other investigators reported similar data 
in which the agnoprotein-depleted mutant released virions 
that were mostly deficient in viral genomic DNA (42) or the 
agnoprotein induced dysregulated cell cycling of the host 
cells (43). Because PML-NBs are involved in multiple nu- 
clear events, including cell cycle progression, chromatin 
regulation, transcription, DNA replication and repair, tumor 
suppression, apoptosis, and telomere lengthening (8), virus- 
induced PML-NB disruption would cause fatal damage to 
host cells. However, the damage to host cells would be ini- 
tiated much earlier than the recognized structural disrup- 
tion of PML-NBs, as observed in BK virus-infected cells, in 
which PML-NBs are reorganized in association with active 
viral DNA replication (37). Abundant viral DNA synthesis 
may influence host cell genome duplication in S phase and 
can induce cell cycle dysregulation. Thus, arrest of entry into 
M phase would be determined much earlier than PML-NB 
disruption; however, the mechanism of virus-induced cell 
death is still unclear. 

In summary, we present data indicating that early 
changes in JC virus-infected oligodendroglia are associated 
with cell cycle progression through an S-to-G2-like state. In 
enlarging nuclei, PML-NBs (where JC virus produces prog- 
eny virions) also enlarge. The PML-NB structures eventually 
dissociate with full viral inclusion formation. These findings 
may help us understand the pathologic mechanisms of virus- 
induced cell death and may also contribute to the early diag- 
nosis of progressive multifocal leukoencephalopathy. 
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